and show that mice doubly mutant for the NFATc3 and Suri et al., 1996) . During the angiogenic process, blood c4 genes have defects in vascular patterning and anvessels are remodeled to follow highly specific anatomic giogenesis. In addition, we have introduced a germline mutation into mice which blocks the Ca 2ϩ -dependent phosphatase activity of calcineurin and find that the 1 Corrrespondence: crabtree@cmgm.stanford.edu 2 These authors contributed equally to this work.
phenotype of these CnB mutant mice closely resembles ., 2001) . We disrupted the NFATc4 gene around E11.5. At E 9.5, most of the c3/c4 null embryos by homologous recombination, removing the translaexhibited no major morphological defects. At E10.5, the tional start site, the regulatory domain that controls calc3/c4 null mice were alive, as indicated by the presence cineurin-dependent cytoplasmic-to-nuclear translocaof a heartbeat. These mutants were smaller, pale, and tion and part of the DNA binding domain ( Figure 1A) .
showed an underdeveloped yolk sac vasculature and Southern blot analysis confirmed germline transmission 20% had enlarged pericardial sacs (data not shown). of the targeted allele ( Figure 1B) . No expression of enWe sometimes observed the presence of blood in the dogenous protein ( Figure 1C ) or mRNA ( Figure 1D ) can exocoelomic cavity, suggesting that the anemia seen in be detected in NFATc4 Ϫ/Ϫ tissue, indicating that these animals bear a null mutation.
the embryos might be caused by extravasation of blood from the abnormal yolk sac vessels. Additionally, differIn the trunk region, c3/c4 null embryos showed poorly organized, dilated, intersomitic vessels that ignored somientiation of E8.5 and E10.5 c3/c4 null hematopoietic precursors into erythroid and myeloid lineages in vitro tic boundaries (arrows in Figures 2B and 2F ). At E10.5, the heads of null embryos exhibited a more primitive appeared to be normal, and expression of early hematopoietic markers such as GATA-1 was comparable to vasculature. The branches of the internal carotid artery failed to develop in the c3/c4 null embryos. However, heterozygous littermates (data not shown).
The absence of organized vessels in the yolk sac was branches of the anterior cardinal vein were formed, but were underdeveloped and showed abnormal communiconfirmed by PECAM staining, which revealed an enlarged and disordered capillary plexus and poorly develcating sprouts between the branches ( Figure 2D ). In severe cases, the development of the cranial vessels oped vitelline vessels (data not shown). At E 9.5, the vasculature of c3/c4 null embryos showed only mild was arrested at the primary capillary plexus stage and branches of the anterior cardinal vein appeared fused perturbations (data not shown), while a pronounced disorganization was apparent at E10.5. Although there was (data not shown). The differentiation and proliferation of mutant endosprouting and branching of the initial vascular plexus in E10.5 embryos, the major vessels including the interthelial cells was not impaired as suggested by the normal expression of endothelial markers such as PECAM, somitic vessels, branchial arch arteries, and cranial vessels were severely disorganized (Figures 2A-2D and Flk-1, Tie-1, and Tie-2 (Figures 2A-2D and Figure 7 ). In addition, mutant endothelial cells expressed the vascudata not shown). , 1991) . This data is consistent with the thought that c3/c4 null embryos was observed by electron microsNFATc family members are both signal transducers and copy ( Figures 2O and 2P Beginning at E9.5, the CnB* / * embryos start to develop lacking the vitelline vessels ( Figures 4G and 4H) . As in the c3/c4 null embryos, expression of endothelial differdefects similar to those observed in the c3/c4 null embryos. E9.5 CnB* / * embryos were alive, but smaller than entiation markers, endothelial cell morphology, as well as adhesion to the basement membrane, was normal in their littermates. However, the number of somites in the mutants was only reduced by 1 or 2. By E9.5, about 40% the CnB* / * embryos ( Figures 4O-4P, Figure 7 , and Supplemental Figure S2 ). These vascular defects appeared of the homozygous embryos had significantly enlarged pericardial sacs. Although the primary vasculature was similar to, but more severe, than the defects found in the c3/c4 null embryos, suggesting that other NFATc developed in CnB* / * embryos, it failed to remodel to the structured pattern of the wild-type vasculature (Figures family members and/or other calcineurin substrates contribute to the phenotype. 4A-4F). The dorsal aorta and intersomitic vessels were formed at E8.75 ( Figures 4A and 4B) , indicating that vascuSimilar to the c3/c4 null embryos, whole-mount stains of CnB* / * embryos showed poor association of smooth logenesis occurred normally. At later stages, the vessels became progressively disorganized, characterized by muscle actin positive cells with the aortic wall and irregular dilations of the aorta, while the somites appeared norexcessive fusion into irregular dilated vessels and a failure to follow normal anatomical pathways as in the c3/c4 mal ( Figures 4I and 4J ). Immunohistochemical analysis of desmin and smooth muscle actin expression showed null mice (Figures 4D and 4F ). This indicates that patterning cues that normally guide vessels and prevent vessel severe reduction of perivascular supporting cells (Figures 4K-4N (Figures 4O and 4P) . Consistent never occurred, resulting in a primitive capillary plexus with the light microscopic analysis, there was a marked c3/c4 null and CnB* / * mice show severe angiogenic abnormalities at the time that the heart appears morphoreduction of pericytes and vascular smooth muscle cells surrounding the aorta and discontinuities of the vascular logically normal, we conclude that defects in heart development do not account for the angiogenic defects. wall ( Figures 4O and 4P) , explaining the frequently observed hemorrhage in the mutant embryos. These obThese studies, however, do not preclude a critical role for NFATc3/c4 and CnB in later cardiac development or servations indicated that calcineurin/NFAT signaling is required for the recruitment of vascular smooth muscle in the myocardial hypertrophic response. and pericyte precursors to the developing vessel wall. This defect is unlikely to be intrinsic to smooth muscle Identification of Calcineurin/NFAT Target , 2000) , we considered during the critical E7.5 to E8.5 period ( Figure 8A ). Wholemount fluorescent staining of E8.5 embryos also showed the possibility that the angiogenic defects seen in the c3/c4 null and CnB* / * mice could be secondary to a that NFATc4 was nuclear at this time, indicating that the pathway was active in these cells ( Figure 8A ). This defect in cardiac development. However, the c3/c4 null and CnB* / * embryos showed a normal heart beat, and observation is consistent with the biochemical observation that the protein is dephosphorylated at E8.5 (data no apparent defects in cardiac morphology were visible (Figure 6 ). The expression of myocardial markers such not shown). To help determine if the NFAT signaling occurs in the vascular endothelium or the surrounding as smooth muscle actin, desmin, and MLC-2V in the c3/ c4 null and CnB* / * mutant hearts is comparable to contissues, embryos were costained for Tie-2 and NFATc4. Although NFATc4 in the trunk regions seemed to be trol littermates ( Figures 6C-6H and 6K-6P ). Since the Figure 8D ). This hypothesis is based on as the neural tube, where vessels must observe very the often-made assumption that proteins have their specific pathways. (Figure 8D) . function in locations of highest expression and will have to be tested by regional specific deletion of the components of this signaling pathway.
Discussion
The relationship between NFAT signaling and VEGF-A expression may well be indirect since the lag time be-NFAT Signaling Appears to Suppress Local tween CsA administration to the mother and induction Vascular Development of VEGF-A in the embryo is in excess of 3 hr. This delay Arteries and veins of adult mammals follow precise anais probably not related to pharmacological barriers, tomical paths that show relatively little variation between since 30 min after CsA administration to the mother, we individuals. This stereotyped anatomy suggests that some were able to detect complete inhibition of calcineurin form of guidance must be provided to the growing vesphosphatase activity measured on endogenous embrysel. Such guidance cues are likely to involve both posionic NFATc4 (results not shown). Thus, a possible scetive cues that direct vessels into specific regions and nario is that NFAT signaling suppresses an inducer of negative cues that prevent major vessels from devel-VEGF-A expression or alternatively regulates the exoping within structures that require a very specific patpression of a negative vascular guidance cue. 
